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Abstract: The greenhouse gas (GHG) emissions caused by tourism have been studied from several
perspectives, but few studies exist that include all direct and indirect emissions, particularly those
from aviation. In this study, an input/output-based hybrid life-cycle assessment (LCA) method
is developed to assess the consumption-based carbon footprint of the average tourist including
direct and indirect emissions. The total inbound tourism-related GHG emissions are also calculated
within a certain region. As a demonstration of the method, the full carbon footprint of an average
tourist is assessed as well as the total GHG emissions induced by tourism to Iceland over the period
of 2010–2015, with the presented approach applicable in other contexts as well. Iceland provides
an interesting case due to three features: (1) the tourism sector in Iceland is the fastest-growing
industry in the country with an annual growth rate of over 20% over the past five years; (2) almost
all tourists arrive by air; and (3) the country has an almost emissions-free energy industry and
an import-dominated economy, which emphasise the role of the indirect emissions. According to the
assessment, the carbon footprint for the average tourist is 1.35 tons of CO2-eq, but ranges from 1.1 to
3.2 tons of CO2-eq depending on the distance travelled by air. Furthermore, this footprint is increasing
due to the rise in average flight distances travelled to reach the country. The total GHG emissions
caused by tourism in Iceland have tripled from approximately 600,000 tons of CO2-eq in 2010 to
1,800,000 tons in 2015. Aviation accounts for 50%–82% of this impact (depending on the flight distance)
underlining the importance of air travel, especially as tourism-related aviation is forecasted to grow
significantly in the near future. From a method perspective, the carbon footprinting application
presented in the study would seem to provide an efficient way to study both the direct and indirect
emissions and to provide new insights and information to enable the development of appropriate
GHG mitigation policies in the tourism sector.
Keywords: carbon footprint; greenhouse gas; life-cycle assessment; input-output; tourism;
transport; aviation
1. Introduction
Climate change is now widely recognised as the major environmental problem facing the globe [1].
The Intergovernmental Panel on Climate Change (IPCC) [2] has reported that most of the observed
warming is likely due to the increase in concentration of greenhouse gas (GHG) emissions in the
atmosphere, with this conclusion having been widely accepted. Almost all human activities are
involved in the emission of greenhouse gases, directly or indirectly, through combustion of fossil
fuels or the disruption or removal of carbon sinks such as forests, leading to the observed increase in
the GHG concentration in the atmosphere [3]. The tourism industry is a significant source of these
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emissions with its contribution expected to grow considerably in the future as the sector expands.
Currently, the tourism industry accounts for more than 30% of global exports of services, 6% of total
exports and 9% of global GDP [4].
Many of the activities undertaken by the tourism sector are energy-intensive, including transport,
delivering amenities and providing accommodation and other facilities for tourist needs. In many cases,
this means that such tourist destinations might have greater emissions compared to other similar-sized,
non-tourism-based communities [5]. Tourism also drives the construction of new infrastructure and
buildings, such as hotels, further adding to the emissions intensity of the sector. Most destinations also
use considerable amounts of energy for importing food and other material goods and for disposing
of waste [6,7]. Aviation has also been shown to contribute significantly to overall emissions from the
sector (e.g., [5,7–12]) and is often the major source of tourism-related energy use [5]. This is particularly
apparent for those destinations that are isolated or island-based, where tourists overwhelmingly arrive
by air [5,8]. For example, in the Caribbean islands, Gössling [13] reported that the share of emissions
related to air travel was between 44% and 71% of total emissions across the region. Still, despite the
increased attention being paid to tourism-induced aviation and the need to mitigate GHG emissions,
significant gaps in the research exist [14]. The issue is further complicated by the fact that aviation
emissions are accounted for differently across the literature with no agreement on how to best deal
with them [12]. In spite of this, there is widespread consensus that this source of emissions should be
included in national accounting frameworks to enable better understanding and encourage mitigation
policies [12].
On a global scale, the UN World Tourism Organisation (UNWTO) reported that in 2005 tourism
contributed approximately 5% of CO2 emissions worldwide. These emissions were predominantly
from the transport sector, which generated 75% of the total emissions for the tourism industry [15].
Projected forward under business-as-usual scenarios, it was estimated that the growth of the sector
could result in an increase in CO2 emissions of 152% by 2035, even when improvements in efficiency
are accounted for [15]. Consequently, many studies have been undertaken to give some idea of the
scale of impact that tourism has on emissions. Dwyer et al. [5] found that in Australia, the tourism
sector contributes between 3.9% and 5.3% of total industry GHG emissions in Australia, making
it the fifth highest emissions sector in the nation. A similar result was found for Switzerland [16],
with the study finding that the tourism sector was four times more GHG intensive than the Swiss
economy on average, accounting for 5.2% of total national emissions. In a summary of national tourism
sector emissions based on 27 studies across 22 countries [13], tourism was found to be equivalent
to between 4% and 150% of total national emissions, with the highest emissions observed in small
island developing states such as Turks and Caicos. However, Gössling [13] further concluded that
even in developed economies where tourism is not the dominant economic sector, the results confirm
the high energy intensity of the industry in general. Analysis by Scott et al. [17] shows that if the
current high-growth trends in emissions continue, tourism is likely to become a major source of GHGs
for the globe.
Alongside the contributions tourism makes to global emissions, various studies have looked at
the possible consequences of continued climate change on the tourism industry (e.g., [5,9,14]). Tourism
around the world is likely to be affected both directly and indirectly from shifts in the global climate in
many different ways. For example, climate change has the capacity to significantly alter the appeal of
certain tourism destination through affecting the climate directly, increasing adverse weather events or
altering the natural environment [15]. Flow-on effects from emissions mitigation policies, changing
social conditions and economic issues are also predicted to indirectly impact the sector [15]. A study
by UNWTO [18] identified climate change vulnerability hotspots for the sector globally, summarising
the anticipated direct and indirect impacts on different regions. For example, the report suggested that
islands in the Caribbean are likely to be subjected to direct impacts from increased extreme weather
events, sea level rise and water scarcity with indirect effects also felt from political destabilisation
and increased travel costs. In some countries, such impacts are already being felt, with Tobago
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amongst numerous countries reporting regular water shortages for accommodation providers and
tour operators due to increasing droughts and more extreme summer temperatures [18]. The report by
UNWTO [18] predicted similar impacts for the Mediterranean, which is likely to experience issues
including water scarcity, biodiversity loss and increased disease outbreaks. Such studies have all
increased awareness of the impacts of tourism-related energy consumption and emissions around the
world and the ways in which climate change may impact destinations [5]. This has led to an increased
demand to quantify the impact of such energy-related activities and develop appropriate, effective
management strategies [5].
However, despite many experts highlighting the increasing importance of understanding the
role of tourism in emissions, much of the current analysis and policy responses continue to ignore the
sector [9,13,19]. As the impacts of climate change and the characteristics of the tourism sector differ
substantially between destinations, effective tourism-specific mitigation policies cannot be designed
without thorough assessment of national tourism sectors [13,20], of which comprehensive studies
and assessments are lacking [20]. In addition, because tourism is often not seen as a true economic
sector in its own right, it is often excluded from the System of National Accounts, meaning countries
most often do not have comprehensive statistics relating to its energy consumption or emissions [5].
This is particularly problematic when it comes to capturing the significant emissions from international
air travel due to the difficulty in properly allocating these emissions [21]. At present, international
aviation is excluded from Kyoto reporting requirements, which only covers domestic transport [22].
That the field of environmental assessments of tourism is still in the early stages of development is
widely acknowledged in the literature (e.g., [9,20,23,24]), particularly in relation to climate change,
where accurate quantification of emissions is critical [8]. The result of this is a limited understanding
of the role of tourism in global emissions and climate change, preventing the design and adoption of
effective mitigation approaches [19].
Within the existing literature on this topic, there has been a wide range of approaches adopted
for assessment of the sector. A review by Filimonau et al. [19] found that many studies focussed
solely on identifying environmental impacts related to tourism with no analysis of the consequences,
with others examining perceptions or attitudes towards the sector’s impact held by tourists or
tourism-related businesses. Of those that have attempted to quantify the carbon impact of tourism
for specific destinations, both bottom-up and top-down methodologies have been used including
GHG conversion factors, environmental impact assessments and ecological footprint analyses often
using Tourism Satellite Accounts [13]. Examples of these studies include an assessment by Patterson
and McDonald [9], which quantified all environmental impacts arising from tourist activities in
New Zealand, with the energy use of tourism in that country also examined by Becken et al. [25].
To date, there have been five emissions-related assessments for the country, each adopting different
emissions allocations scenarios [13]. The GHG emissions related to tourism energy use in Whistler,
Canada were also quantified using a bottom-up approach [26]; however, induced effects were excluded.
Another study [27] assessed the waste and GHG emissions due to tourism in Wales and a recent study
in 2010 aimed to quantify the GHG impacts from tourism solely in Australia [5]. This study used both
a “production” and “expenditure” (or consumer) approach based on the national Tourism Satellite
Account to calculate the emissions for the year 2003/2004. Gössling [28] investigated the use of the
ecological footprinting technique in assessing environmental impacts of tourism on the Seychelles;
however, quantifying GHG emissions was not the primary focus. In Iceland, Björnsson [29] studied the
carbon emissions generated by foreign tourists with a bottom-up approach using three representative
tourist types. However, this analysis was limited to the direct emissions stemming from only three
tourism-related sectors—transport, accommodation and activities. In a summary article, Gössling [13]
identified 27 emissions-related studies in the literature covering 22 national tourism sectors.
While acknowledging these and other existing important contributions to the academic literature,
it has been suggested that additional comprehensive studies are needed that account for the full scope
of emissions related to tourism including both the direct and indirect impacts [13,20]. While some
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studies have included an analysis of both of these impacts (e.g., [5,11,12,27]), many assessments have
adopted limited system boundaries (e.g., [7,16,27]) that exclude indirect emissions, and important
tourism sub-sectors or impacts, often due to complexities in defining the extents of tourism in the
economy of which there remains no single definition [13]. In fact, in the aforementioned review by
Gössling [13], none of the 27 studies adopted comprehensive system boundaries in the assessment,
meaning that the results are likely to only be indicative of the true impact of tourism.
While there are valuable studies on the GHGs from tourism with wide assessment boundaries
in the literature, they often include only direct impacts from tourism activities, with indirect impacts
(scope 3) commonly excluded (e.g., [7,16,27]), which leaves room for further contributions. Direct
impacts are generated directly from tourist activities, while indirect impacts result from intermediate
inputs due to all other emissions-causing activity related to the industry [30]. These emissions
are largely spread around the world embedded in international trade. In spite of being largely
absent in tourism-related literature, the significance of indirect emissions has been widely reported
and quantified in many other sectors, from consumer carbon footprints [31] to general urban
sustainability [32], service industries [33], engineering and construction (e.g., [34,35]), with many
studies suggesting that the contribution of indirect emissions can be potentially much higher than
direct emissions [36,37]. They are also particularly important for services which form an important
part of tourists’ consumption. Exclusion of indirect emissions from services also means that the
majority of emissions are not captured, as the impact from the final point of delivery of a service is
often only minor compared to that from the required material inputs [33]. While not a comprehensive
assessment, an analysis of the indirect emissions associated with different tourism-related activities by
Filimonau et al. [19] suggested that the indirect carbon footprint for hotels and tourism transport could
be as high as 20% and 65% of the respective totals. The scale of the importance of indirect emissions has
been further echoed in other studies, as for example by [12,38,39]. Furthermore, there are suggestions
that the share of carbon impacts due to indirect emissions is likely to increase in the future, due to the
comparative simplicity in reducing direct emissions, making it even more critical to include this issue
in assessments [40]. In recognition of the importance of including the full range of emissions related to
national tourism, a number of methodologies have been proposed for the calculation [41] including the
life-cycle assessment (LCA) approach (e.g., [42]). LCA enables the full scope of emissions embedded in
all related goods and services to be accounted for and, while it has so far had limited application in
the tourism sector (e.g., [19,20,23,43]), it offers an opportunity to improve the quality and accuracy
of environmental assessments [44]. Especially applicable to national scale emission studies, the LCA
methodology is able to give broader information on the impact of the sector, which can be particularly
important for effective policy-making [43].
In light of this, the aim of this study is to take a step towards an improved understanding of the
overall GHG emissions induced by tourism directly and indirectly. An input-output (IO)-based hybrid
LCA method is presented to study the full scope of emissions caused by tourism. This approach
has been identified as a viable solution to the problem of truncation and boundary selection [19,45].
As a demonstration of the method, the full carbon footprint of an average foreign tourist is assessed
with a consumption-based approach that allocates the emissions to the consumers of goods and
services [41,46], and then the overall GHGs induced by inbound tourism to Iceland over the period
2010–2015 are estimated. Iceland provides an interesting case due to three features. First, the tourism
sector in Iceland is the fastest-growing industry in the country with an annual growth rate exceeding
30% in the most recent years [47]. Second, as Iceland is a remotely located island, almost all tourists
arrive by air, which is a very GHG-intensive travel mode. Third, the country is unique in terms of
GHG emissions due to its almost emissions-free energy industry and import-dominated economy,
which emphasise the role of the indirect emissions. The presented hybrid LCA approach is applicable
in other contexts as well.
According to the study, the per capita emissions caused by the average tourist visiting Iceland
are approximately 1.35 tons CO2-eq, but quickly increase up to over 3 tons as the flight distance
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rises. Overall, this study finds that tourism currently causes GHG emissions of close to 2,000,000 tons
annually in Iceland. Annual emissions are rapidly growing due to the increasing number of tourist
visits as well as a rise in the average flight distance, with the most significant growth observed in the
number of tourists arriving from Asia and North America.
The paper is structured as follows: the next section outlines the research method applied to
calculate the carbon footprint of an average tourist, followed by a section outlining the research design
and data sources utilised. The fourth section presents the results of the study. Section five provides
a discussion of the results comparing the carbon footprint with that calculated in the previous study
on Iceland as well placing the results in a global tourism context.
2. Method
The method utilised in this study is LCA-based carbon footprinting. The LCA approach is in
accordance with ISO 14044 [48], with the guidelines of Wiedmann and Minx [41] and Minx et al. [46]
followed for consumption-based carbon footprinting.
LCA is a method for analysing the impacts of a good, service or system over its life cycle including
all the utilised energy and material inputs. This means that both the direct and the indirect emissions
are captured [49–51]. There are two main approaches to LCA; Process LCA and Input-Output (IO) LCA,
with hybrid LCAs combining aspects of both [36]. IO LCAs are commonly called environmentally
extended IO LCAs (EE IO LCA) or economic IO LCAs (EIO LCA), but in this study will be referred to
as IO LCA. This study employs an IO LCA-based hybrid model, which aims to take advantage of the
strengths of the two methods. More particularly, the employed method is called tiered hybrid LCA
(e.g., [52]), an approach that is further discussed below.
IO LCA is an efficient method for capturing both the direct and indirect emissions caused by
the studied system [45]. IO LCA is a top-down method that approximates environmental impact
through the utilisation of “sectorial monetary transaction matrices” [53], in other words, by calculating
the environmental output per monetary expenditure in the sector. By describing the inputs that
a given sector of an economy requires from all other sectors to produce a unit of output [54], the IO
LCA method can model the complete and complex interdependencies that exist between economic
sectors [52]. Using the assumption that an increase in the output of goods or services from one sector
requires a proportional increase in inputs from others, the economic output for each stage of the
life cycle can be determined [54]. This information is expressed as a normalised matrix of technical
coefficients. To calculate the total environmental impact, this economic matrix is simply inverted
and multiplied by a corresponding matrix of impact intensities (environmental impact per monetary
unit of output) [52,54]. This calculation results in the determination of the total consumption-based
environmental impact across the economy for producing a particular product or service. A full
description of the IO LCA derivation and calculation methodology can be found in [55–57].
The IO LCA method inherently includes the complete production and delivery chains associated
with producing a good or service and, therefore, the direct and indirect emissions. It is very efficient
in analyses intending to include the indirect emissions, particularly those of services, whose impact
can easily be significantly underestimated [33,36,37]. In general, IO LCAs and IO-based hybrid LCAs
are more comprehensive than the more traditional process LCAs, which suffer from some level of
truncation error [37,52]. Another important benefit of this approach is that the data required for the
assessment is often regularly collected as part of national statistics in many countries [52]. Through
the combined effects of using publically available data and consistent boundaries of analysis, the IO
LCA enables a relatively quick and inexpensive estimate to be produced of the environmental impacts
of a certain process across an economy [54]. While the environmental impacts included in a particular
IO model can be varied to include almost anything, the significant data requirements and workload
of producing the IO tables mean they are commonly limited to a number of key impact categories.
Typically, the number of impacts is fewer than that available in process LCA databases.
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The input-output tables utilised for the LCA assessment combine various products, production
technologies and services into aggregated commodity sectors [52], disguising the heterogeneous
resources, processes and environmental impacts associated with each. As such, IO LCA is generally
more suited to assessing typical, aggregate products that can be well represented by the relevant
commodity sector [54]. Furthermore national input-output data assumes that for a single region,
all production methods are the same, including those for imported commodities, and that there is
no impact from ignoring price heterogeneity that can distort flows between industries [52]. Another
limitation of IO LCA is the assumed linear relationship between sector outputs and environmental
burdens [58]. Data age and incomplete sectorial statistics further compound the issue, resulting in
a generalised, approximate assessment of the environmental impact of a production decision [52].
In addition, this method generally does not take into account potential end-use GHGs or land use
change impacts.
In adopting the tiered hybrid LCA approach, some of these weaknesses can be reduced. In a tiered
hybrid LCA model, certain phases in the production and delivery chain (known as tiers) are replaced
with specific process data [52]. Higher-order upstream tiers, representing indirect emissions, are still
assessed with IO analysis to maintain the comprehensiveness of the assessment. For example, in the
energy sector, the production phase (the first tier) can be replaced with local up-to-date data instead
of using the model average and potentially old data. In general, the tiered hybrid approach reduces
the level of uncertainty in the calculation related especially to: (1) data age, as more up-to-date data
can be used; (2) average production technology assumption, if production technology specific to the
assessment object is used; and (3) the aggregation error, when data specific to the assessment object
is used in place of the industry sector average as is typical in IO models; (4) by adding use-related
emissions to the assessment for sectors including only cradle-to-gate emissions (e.g., fuel combustion
from driving). It has been suggested that hybrid LCAs can provide combination of comprehensiveness
and accurateness not achievable by either one of the LCA approaches alone [52].
In consumption-based carbon footprint assessments, the GHGs are allocated to the users
of the goods and services (e.g., [32,41,46]. IO and hybrid LCAs have a relatively established
position in consumer carbon footprint assessments [32,41,46], but the method has not been applied
widely for assessing the carbon footprints of tourists, even though it can be successfully utilised.
The same strength of assessment comprehensiveness, which makes the method widely accepted in
the field of consumer carbon footprinting [32], is an important attribute in any consumption-based
GHG assessments.
3. Research Design
The hybrid LCA model was applied to estimate the carbon footprint of the average foreign tourist
in Iceland. This figure was then used to calculate the total approximate GHG impact from tourism for
the country during the period 2010–2015. For this study, the scope of the assessment and functional
unit are first defined as discussed in Section 3.1 with the relevant data used in the assessment described
in Section 3.2. Further information on the application of the hybrid LCA model to calculate the carbon
footprint and total GHG impact is then presented in Section 3.3.
3.1. Assessment Scope and Boundaries
In the first stage of the assessment, the calculation of the carbon footprint was undertaken based
on the activities of an average tourist in Iceland. The definition of a “tourist” was adopted from the
following description from the United Nations World Tourism Organisation [59]:
A visitor is a traveller taking a trip to a main destination outside his/her usual environment, for
less than a year, for any main purpose [ . . . ] other than to be employed by a resident entity in the
country or place visited. A visitor (domestic, inbound or outbound) is classified as a tourist [ . . . ] if
his/her trip includes an overnight stay.
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Extending this definition to the case of Iceland, data from the Icelandic Tourism Board and
Statistics Iceland was utilised to define the “average tourist” for whom a carbon footprint could be
calculated. In this study, the “average tourist” was defined as a visitor staying in Iceland for an average
duration of 6–10 nights (average nights spent in winter and summer respectively) [60,61] and spending
on average 192,440 ISK per person [62]. In the second stage, the calculated carbon footprint was used
to examine the change in total GHG emissions for Iceland over the period 2010 to 2015. During this
time, tourism to Iceland has seen a rapid increase [63]. For this analysis, the assumption was made that
the tourist activities and consumption patterns have not changed over the five-year period, with the
uncertainties related to this assumption discussed in Section 5.
As shown in Table 1, the boundary of this study has been defined based on an aggregation of
the expenditure categories that make up the Icelandic tourism sector, discussed further in Section 3.2.
Air travel has also been included in the scope of the carbon footprint calculation due to the scale
of the impact of this form of transport. As Iceland is an island with the vast majority of tourists
arriving by air, this sector is likely to have a significant impact on the results. Because of the inherent
nature of the IO LCA, this boundary definition naturally extends to include the complete production
and delivery chains behind each product and service [9]. Unlike the process LCA method which
will contain some degree of truncation error depending on how far up the supply chain inputs are
tracked [37], the IO approach is a cradle-to-gate model which implicitly tracks the inputs required by
any sector of the economy from all other sectors to produce some output [9,54]. The methodology
behind the input-output LCA is discussed in Section 2. The functional unit of the study is defined as
one average tourist with the results presented as kilograms of CO2 equivalent per tourist, later referred
to as kg CO2-eq/tourist.
Table 1. Boundaries of the assessment.
Included Excluded
• Local transport
• Accommodation and restaurant services
• Retail goods
• Recreation and leisure services
Tourism consumption related to transport to/from the
airport or harbour in the tourist’s country of origin
Inbound tourism consumption related to
airfares to reach Iceland Domestic or outbound tourism activities
Through utilising an IO LCA and drawing on tourism expenditure data, the carbon footprint
calculation is able to capture not only the direct emissions produced by the tourism sector but also
the indirect emissions associated with the secondary services and products that support and feed into
the industry. Direct emissions are also known as scope 1 emissions with indirect emissions captured
under scopes 2 and 3 (e.g., [30]). Scope 1 includes mainly fuel combustion when considering touristic
activities, but in general also process emissions and fugitive emissions. The category of scope 2 includes
all emissions connected to consumption of energy e.g., for heating, lighting and appliances, with scope
3 encompassing emissions from the manufacture and delivery of purchased goods and services [64],
in the tourist context meaning the majority of the emissions related to all the consumption activities,
e.g., food production, production of souvenirs, running service facilities, etc. Few studies so far exist
that capture scope 3 for all tourist activities.
3.2. Data
The characteristics and sources of the data used in the carbon footprint analysis are described
below. The study primarily drew on input data relating to the number of tourists that visited Iceland
in the target year and their expenditure whilst in the country. The most recent data available was for
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2013, meaning this year was taken as the target year for the study. In order to capture the emissions
generated by tourists travelling to Iceland, additional data was obtained relating to their countries of
origin as well as the aircraft most commonly used in passenger transport.
3.2.1. Touristic Visits
Data for touristic visits in Iceland was obtained from Icelandic Tourist Board [47] for visitors
having arrived by plane in 2010–2015. The dataset includes the number of visits from the 17 most
common departure countries, covering approximately 85% of the overall visitors, and a category
“other” covering the remaining 15%. Of these 17 countries, 13 are European (Denmark, Finland,
France, Germany, Italy, Netherlands, Norway, Poland, Russia, Spain, Sweden, Switzerland and United
Kingdom), two are located in North America (Canada and USA) with two from Asia (China and
Japan). Russia was categorised as a European country due to the majority of the visitors presumably
coming from the European part. No data was available for the remaining 15%, but the treatment in the
assessments is explained in Section 3.2.3.
According to this data, the number of touristic visits to Iceland increased from slightly below
500,000 annual visits in 2010 to 1.26 million visits in 2015. In 2013, the base year of this study,
approximately 780,000 visits were made. UK and USA are the most important departure countries and
account for almost 20% of total visits to Iceland. Overall, all regions show increasing visitor numbers
but the relative share arriving from Europe has been falling, decreasing from 70% in 2010 to roughly
50% in 2015, whereas the share from North America and Asia is increasing. Table 2 presents the
origins of visitors according to continent, with the category “other” depicted as Unknown (thousands
of visitors).
Table 2. Visitors according to the departure continent in 2010–2015 (thousands).
Europe North America Asia Unknown
2015 617 258 59 175
2014 589 191 47 142
2013 493 144 37 108
2012 421 114 29 83
2011 358 95 18 69
2010 318 65 13 64
On top of the tourists arriving by air, an additional share of approximately 3% is generated by
visits with ferries. However, these were excluded from the assessment due to both the low impact
of ferries in comparison to air travel along with the incompleteness of the data concerning the trips
made by sea.
3.2.2. Local Consumption in Iceland
The Icelandic Tourism Research Centre (ITRC) provided the main data on the tourist activities
in Iceland used in this study. The ITRC collects and publishes annual data about “the activities that
typically produce tourism characteristic products” [65], with these activities making up the categories
of expenditure for the Icelandic tourism industry. Because there is no specific categorisation of tourism
in the Icelandic National Accounts, the categories of expenditure included in this sector are those
specified by the UNWTO [59], as shown in Table S1. The annual expenditure under each UNWTO
category is calculated by the ITRC by aggregating specific enterprises from the Icelandic industry
classification of activities, ISAT 2008. ISAT categorises each enterprise in Iceland with a five-digit code
based on European Union’s NACE Rev2. The Icelandic codes for the tourism industry are given in
Table S1 and show the contributing economic sectors for each category [65].
The expenditure data for inbound tourists was primarily obtained from Statistics Iceland [62].
This data, shown in Table 3, represents the total amount spent by all tourists in the study year (2013) in
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each of the expenditure categories in the Icelandic tourism sector. Due to the high level of aggregation
of this data, it was disaggregated into more detailed consumption sectors according to additional
information obtained from the Centre for Retail Studies (CRS) [66]. The sub-categories used for this
disaggregation are shown in column 2 in Table 3. These sub-categories, spanning the entire tourism
sector of Iceland, enabled each of the general Statistics Iceland categories to be separated into their
component parts. For this disaggregation, the total expenditure from Statistics Iceland was separated
into the sub-categories based on the percentage distribution observed in the CRS dataset. This process
produced a more refined dataset for use in the IO model (Section 3.3.1). While the CRS data only
included credit card purchases, the source had a more detailed industry sector distribution than
the Statistics Iceland data. It was therefore assumed that the information from Statistics Iceland is
more comprehensive in terms of total expenditure, but that the distribution of spending across each
sub-category shown in the CRS data is valid to disaggregate it. This assumption can be justified
as, in Iceland, credit cards are accepted everywhere even for small amounts and are even required
for the most important purchases of tourism activities like accommodation, vehicle rentals and tour
reservations. Furthermore, since the overall consumption figures are taken from the data from Statistics
Iceland, there is no downwards bias of leaving out cash purchases. Table 3 depicts the disaggregation
and the resulting consumption estimations. In conjunction with the number of tourists visiting Iceland
(Section 3.2.1), this information will be used determine the expenditure in each category for the
average tourist.
Table 3. Statistics Iceland disaggregated into CRS subcategories (Million ISK).
Statistics Iceland Category Sub-Category (from CRS) CRS Distribution Expenditure
Accommodation services
Total 100% 32,270
Hotel Accommodation 99.67% 32,165
Other accommodation service 0.33% 105
Food and Beverage
Serving Services
Total 100% 15,087
Catering 64% 9581
Other 36% 5506
Transport—Air, Road
and Water
Total 100% 50,868
Passenger transport by land 18% 9333
Passenger transport by sea 2% 1120
Passenger transport by air * 79% 40,415
Transport Equipment
Rental Services
Total 100% 13,346
Car rental 99% 13,239
Tolls, parking fees and other services 1% 107
Travel Agency Services Total 100% 17,307
Sports and Recreation Total 100% 6830
Cultural Services and Sports
and Recreation Services
Total 100% 1040
Museums, galleries and zoos 48% 503
Concerts, theatre, film screenings and events 10% 105
Other 42% 432
General Goods Retail
Total 100% 26,332
Petrol, repair and maintenance 22% 5759
Groceries 14% 3687
Retail sale of clothing 15% 3983
Gifts and souvenir shop 9% 2475
Duty free shops 9% 2253
Other shops 31% 8175
General Other Services
Total 100% 32,701
Various tourism services 37% 12,073
Various other services 26% 8628
Government charges more. 36% 11,881
Withdrawals of cash 0.36% 119
* Replaced with higher resolution data, see Section 3.2.3.
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3.2.3. Air Travel
As described in Section 3.2.1, the utilised data includes the top 17 countries for visitors to Iceland
and the overall number of visitors to the country. The associated travel distances were estimated
by taking the return flight distances to Iceland from a representative airport in each origin country,
with the distance for the “Other” or “Unknown” category calculated as a weighted average of these
17 most active countries (Table 4). The potential errors arising from this approach are discussed
in Section 5.
Table 4. The selected representative airport cities of the 17 countries with the most visitors to Iceland
and the estimated distances to Keflavik International Airport in Iceland. The “Other” category is
calculated as a weighted average of the 17 most active countries.
Region Country City Distance (km)
Asia
China Beijing 7880
Japan Tokyo 8790
Europe
Denmark Kopenhagen 2110
Finland Helsinki 2430
France Paris 2240
Germany Frankfurt 2380
Italy Rome 3300
The Netherlands Amsterdam 2010
Norway Oslo 1740
Poland Warsaw 2770
Russia Moscow 3300
Spain Madrid 2900
Sweden Stockholm 2130
Switzerland Geneve 2640
United Kingdom London 1900
North America
Canada Toronto 4200
USA Chicago 4760
- Other - 3220
Three representative flight journeys were then constructed, which were used to quantify the range
of emissions generated by tourists from different regions due to air travel, shown to be one of the
most significant sectors for emissions. These scenarios represent the most common short, medium
and long-distance flights arriving in Iceland—the short flight represents departures from the UK,
Scandinavia and northern continental Europe, the medium flight represents those from North America
and Southern Europe, and the long flight accounts for trips from eastern Asia, South America and
Africa. Table 5 depicts the distances for each of these representative scenarios.
Table 5. The average flight scenarios for foreign tourists coming to Iceland.
Scenario Flight Route Distance (km) (Return Flight)
Short Northern Europe 2000
Medium
North America
4000Southern Europe
Long
Asia
10,000South America
Africa
It was also necessary to determine the plane model(s) that would most likely be used for each of
these three flight scenarios. This is due to the substantial differences in fuel, material and associated
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operational requirements necessary for different aircraft used commercially, resulting in vastly different
GHG emissions [67]. A review of the global aircraft fleet (comprising of approximately 26,000 aircraft
in 2013) revealed the vast majority of commercial aircraft were either Boeing or Airbus models,
representing 39.7% and 28.7% respectively of all in-service aircraft operating in 2013 [68]. Inspection
of a global aircraft census for that year also showed that within these manufacturers, two models
dominated the commercial aviation sector—the Airbus A320 family and the Boeing 737 family [69].
In addition to making up almost 60% of global in-service mainline aircraft in 2013 [69], they are
amongst the fastest-growing models used, increasing in number by almost 10% each between 2014 and
2015 [70]. With these models also used by many airlines connecting to Iceland, it is therefore assumed
that these two aircraft types can be taken to represent all flights bringing tourists to Iceland.
3.3. The Greenhouse Gas (GHG) Assessments
The calculation methodology used to determine the carbon footprint of tourism in Iceland is
described in two parts below. The carbon footprint of the average foreign tourist was first calculated
using the EIO LCA 2002 Purchaser Price IO LCA model. The results from this analysis were then used
to estimate the total GHG emissions generated by foreign tourism in Iceland in 2013 and approximate
the change in emissions that has occurred between 2010 and 2015.
3.3.1. Carbon Footprint Calculation
The assessment of the carbon footprint of the average foreign tourist was undertaken using
a consumption-based approach [32,41,46] that allocates all emissions from touristic activities to the
tourist. This approach was chosen as it recognises that the consumer is the main driver behind demand
and without this demand there would be no production.
The tiered hybrid LCA consists of two parts: the IO LCA model, which forms the foundation of
the assessment, and process data, which is used to enhance the accurateness of the model. In this study,
process data was used for local energy consumed by local service providers and for fuel combustion in
rental cars. The remainder of the production and supply chain emissions were assessed with the IO
approach. For air travel, the travel distances and emission data from another study were utilised as
described in more detail later in this section.
The U.S. industry-based EIO LCA 2002 Purchaser Price IO LCA model [71] was selected as the IO
model to form the basis of the hybrid LCA model. According to the IO LCA principles presented in
Section 2, the model returns the emissions per one currency unit spent on a certain economic sector
using the most common 100 years basis (GWP100). The emissions reported by the model includes
not only CO2 (fossil and process) but also methane (CH4), nitrous oxide (N2O), hydrofluorocarbons
(HFCs), perfluorocarbons (PFCs) and sulfur hexafluoride. Therefore, combining the consumption
data presented above with representative sectors of the model theoretically produces the total carbon
footprint. The U.S.-based EIO LCA model was selected as the basis of the hybrid model as it includes
428 industry sectors (the most sectors of the available models) and can therefore provide better sectoral
matches with the consumption data used in this study. Furthermore, the Icelandic economy is strongly
import dependent, which diminishes the need to use a local model. Still, the use of this EIO LCA
model does introduce some uncertainties due to the model being based on a foreign economy and the
data being 10 years old in comparison to the base year of the study. Due to these limitations, certain
amendments were made to the IO model itself to enhance the assessment with local or more current
process data incorporated to assess the emissions from direct energy use, flights and private driving.
Descriptions of the data and the modifications made to the model are provided in the following
paragraphs and summarised in Table 6. These modifications significantly reduced the uncertainties
arising from using a 2002 U.S. industry-based model as they cut the share of GHGs assessed directly
with EIO LCA to well below 50% whilst retaining the comprehensiveness of the assessment in including
the upstream emissions from production and delivery chains and fixed capital. In this hybridisation
process, this study follows examples in the literature including Heinonen and Junnila (2011) [72,73]
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who have utilised the same IO model as a basis of a similar hybrid model for carbon footprint studies
in Finland. The amendments and the hybridisation process are explained below, with the remaining
uncertainties discussed in Section 5.
To enhance the fit between the 2002 model and the 2013 expenditure data, the sectoral GHG
intensities of the model were modified according to sectoral U.S. inflation data for the years
2002–2013 [74] before converting the currency to the Icelandic krona (exchange rate 123.5 ISK/U.S. $,
the average rate during 2013 according to the Central Bank of Iceland). The IO model sectors utilised
to assess the emissions from each consumption category are shown in Table S2.
Process LCA data was used to enhance the assessment of service sectors relying on Icelandic
energy production, since the energy production system in Iceland is significantly different to that
in the U.S., and the majority of all GHGs relate to energy production. An emissions factor of
7.5 g CO2-eq/kWh was retrieved from Björnsson [29] and Karlsdottir et al. [75] and was applied
to local services following the tiered hybrid method (see Section 2).
For air travel, the expenditure data was replaced with distances travelled, as explained in the
previous section. For the calculation of the carbon footprint, the GHG emission factor per passenger
kilometre (PKM) of 135 g CO2-eq/PKM was taken from Chester and Horvath [76] for the Boeing 737,
of which approximately 100 g CO2-eq/PKM relates to operation and the rest to indirect emissions.
According to the authors, this emissions factor is also applicable for use with the Airbus 320 family [76].
Chester and Horvath [76] used a hybrid LCA model to calculate the life-cycle energy use and associated
emissions from a range of transport modes and, by adopting this approach, the resulting factors take
into account the emissions from manufacturing, operations, maintenance, insurance, infrastructure
construction, infrastructure operations and fuel production and combustion. The emissions factor is
thus compatible with the EIO LCA and hybrid GHG factors used for other sectors in this study.
Finally, to calculate the emissions from fuel combustion due to driving, a two-fold procedure was
followed. Firstly, the emissions from fuel production were assessed with the EIO LCA model. Secondly,
since the model is a cradle-to-gate model and excludes the combustion of the fuel, the combustion
phase emissions were added by calculating the amount of fuel purchased using the 2013 average petrol
price of 254.33 ISK/L [77] and the emissions factor of 2.36 kg CO2-eq for fuel combustion per litre [78].
The same approach has previously been used in e.g., [72,73].
Table 6. GHG data sources and modifications to the model.
Sector Direct GHGs Source Indirect GHGs Source
Local service use Icelandic energyproduction intensity [29,75]
EIO LCA sectors as presented
in SI Table 1, except for energy [71]
Private driving
fuel combustion
Tailpipe emissions from
fuel combustion [79]
Fuel production and delivery
with EIO LCA [71]
Air travel Aircraft operationaccording to trip distances [76]
Aircraft and fuel manufacture,
infrastructure [76]
All other activities EIO LCA as presentedin SI Table 1 [71]
EIO LCA as presented
in SI Table 1 [71]
For presentation of the results, the consumption categories in Table 2 were combined into five
sectors as follows:
(1) Air travel
(2) Local transport
(3) Accommodation and restaurant services
(4) Retail goods
(5) Recreation and leisure services.
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3.3.2. Overall Tourism-Induced GHG Estimation
In the second stage, the total GHG emissions from foreign tourism in Iceland for 2013 were
assessed along with the change in emissions between 2010 and 2015. The 2013 per capita emissions
were used as the basis for calculating the change in emissions over the entire period 2010–2015. While
the expenditure per tourist in Iceland has moderately increased during 2010–2013 [62], it is appropriate
to assume that the tourist activities in the assessment period 2010–2015 align with those in the base
year. This assumption allows the overall GHG impacts of tourism for the whole period to be calculated
using the 2013 estimates. This assumption has also been utilised to project future environmental
impacts from tourism in New Zealand by Patterson and McDonald [9].
For flights, the GHG emissions were estimated according to the country-by-country distances
explained in Section 3.2.3 (for “Other” as a weighted average of the 17 countries). For presentation,
the visitors were comprised into four groups as follows:
(1) Europe
(2) North America
(3) Asia
(4) Other
For presentation purposes, in this stage, the carbon footprints were further aggregated into just
two sectors, “Air travel” and “Within-country consumption”.
4. Results
The results of the study are presented below in two sections in line with the objectives of the study
which were to (1) estimate the carbon footprint of the average foreign tourist in Iceland; and (2) estimate
the overall annual GHG impact caused by tourism to Iceland between 2010 and 2015. The results in
Section 4.1 relate specifically to the average tourist (as defined in Section 3.1) and have been aggregated
into the five consumption categories described above. The total carbon footprint of the Icelandic
tourism sector is described in Section 4.2 and relates to the overall emissions from the sector for the
base year and the variations observed over time.
4.1. The Carbon Footprint of an Average Tourist Visiting Iceland
According to this study, the per capita carbon footprint of an average tourist visiting Iceland in
the year 2013 was 1350 kg CO2-eq. However, depending on the flight scenario modelled, the carbon
footprint ranged from 1090 kg CO2-eq for the short-flight scenario (representing the second most
common country of origin, the UK, and northern Europe) to a maximum of 3250 kg CO2-eq for the
long-flight scenario representing a departure from Asia or South America. For the medium-flight
scenario, which covers departures from the most common ports in the USA, an average carbon footprint
of 1600 kg CO2-eq was calculated. In the three scenarios, it was found that flights alone accounted
for 50% to 83% of the total emissions, or 540 to 2700 kg CO2-eq respectively. When these results
were inspected further, it was found that more than 75% of the emissions were solely due to aircraft
operations, with the remainder in this sector due to aircraft manufacture, operations, infrastructure
construction and fuel production.
Local transport was found to be the second-largest source of emissions due to the associated fossil
fuel combustion. The emissions caused by this sector are 330 kg CO2-eq per tourist according to the
assessment. Even though these emissions form only a relatively small share of the total, the amount
is actually very high given the short duration of the visit. Of these emissions, approximately 30%
comes from the fuel combustion of rental cars with 60% due to sightseeing bus tours and local public
transport. Sightseeing boat trips add the majority of the remaining 10%. Notable exclusions from the
transport emissions calculations are those due to travelling to and from the airport in the home country
of the tourist; however, the contribution of this element can be considered negligible [23]. Together,
the GHGs from the two transport sectors form a share of 83% to 93% of the overall carbon footprint.
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Accommodation and restaurant services sector is the main sector that benefits from the nearly zero
carbon energy system of Iceland. This feature means that the GHG emissions from the accommodation
sector are only 100 kg CO2-eq, or just 3% to 8% of the total depending on the flight scenario. Retail goods
add 70 kg CO2-eq to the total according to this assessment. Even though the uncertainty related to the
assessment method is perhaps the highest with regard to this sector, it is evident that the importance
of tangible goods purchased by tourists in Iceland is low in comparison to other sectors.
Finally, Recreation and leisure services, also gaining from the low-carbon energy sector, contribute
the lowest emissions of the sectors analysed, accounting for approximately 50 kg of CO2-eq, or 1.5% to
4% of the carbon footprint. The low contribution of this sector also relates strongly to the choice in this
study to combine all local transport emissions into one sector. It should be noted that an important
share of the local transport category is made up by recreation and leisure services, but in this study,
treating all transport separately was seen to be more informative. Figure 1 depicts the GHGs from the
five sectors per average tourist, separating the three flight scenarios.
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4.2. The Overall GHG Impact of Tourism to Iceland
While the carbon footprint of a single average tourist seems to be relatively high (discussed
further in Section 5), the overall emissions from tourism and the patterns of variations are more often
the focal issues for climate change. The annual number of tourist visits to Iceland has been rapidly
increasing over the past five years, with similar or higher growth rates estimated to occur in the near
future. The average annual growth rate has been almost 20% since 2010, and the rate is consistently
increasing, reaching 30% in 2015 and remaining at over 30% in the first half of 2016 [47]. The number
of tourist visits exceeded one million for the first time in 2014 but in 2015 this point was surpassed by
August–September [47]. Over 50% of the visitors still arrive from within Europe, but the relative share
of total visitors arriving from this region has been declining, even though the number of tourists from
Europe more than doubled in 2010–2015. This fall in the European share is due to the rapid growth
rate in the number of tourists arriving from Asia and North America. This shift magnifies the GHG
impact observed, as an average return flight increased from 750 kg to 870 kg between 2010 and 2015.
Figure 2A shows the numbers of tourists according to the area of origin from 2010 to 2015 and 2B the
GHG development.
Sustainability 2016, 8, 1147 15 of 23
Sustainability 2016, 8, 1147  14 of 22 
this study, treating all transport separately was seen to be more informative. Figure 1 depicts the 
GHGs from the five sectors per average tourist, separating the three flight scenarios. 
 
Figure 1. The distribution of the carbon footprint of the average foreign tourist in Iceland for 2013. 
4.2. The Overall GHG Impact of Tourism to Iceland 
While the carbon footprint of a single average tourist seems to be relatively high (discussed 
further in Section 5), the overall emissions from tourism and the patterns of variations are more often 
the focal issues for climate change. The annual number of tourist visits to Iceland has been rapidly 
increasing over the past five years, with similar or higher growth rates estimated to occur in the near 
future. The average annual growth rate has been almost 20% since 2010, and the rate is consistently 
increasing, reaching 30% in 2015 and remaining at over 30% in the first half of 2016 [47]. The number 
of tourist visits exceeded one million for the first time in 2014 but in 2015 this point was surpassed by 
August–September [47]. Over 50% of the visitors still arrive from within Europe, but the relative 
share of total visitors arriving from this region has been declining, even though the number of tourists 
from Europe more than doubled in 2010–2015. This fall in the European share is due to the rapid 
growth rate in the number of tourists arriving from Asia and North America. This shift magnifies the 
GHG impact observed, as an average return flight increased from 750 kg to 870 kg between 2010 and 
2015. Figure 2A shows the numbers of tourists according to the area of origin from 2010 to 201  and 
2B the GHG development. 
 
Figure 2. Number of tourists to Iceland in 2010–2015 and the overall GHG emissions: (A) number of 
tourists; (B) the annual GHG emissions. 
Fig re 2. ber of to rists to Icela i 2010–2015 a t e overall e issio s: ( ) ber of
t rists; ( ) t e a al e issi s.
According to this study, the total annual GHG load caused by tourism to Iceland has tripled
in just five years, rising from approximately 600,000 tons CO2-eq in 2010 to 1,800,000 tons in 2015.
Cumulatively this means 6.4 million tons of CO2-eq have been emitted due to tourism to Iceland
during this time. The rise in the GHG emissions and the cumulative emissions over this time period
are shown in Figure 2B.
Finally, when considering the emissions related to tourism in Iceland, it should be noted that
not all emissions are additional to normal levels on a global scale. A proportion of the emissions will
be relocated from the tourist’s country of origin and would have occurred even if the trip did not
take place. It can be assumed that passenger transport, related vehicle activities and groceries will be
consumed by individuals regardless of whether or not they are on holiday. These sectors account for
approximately 10% of the total emissions calculated in this study.
5. Discussion
The aim of this study was to present a consumption-based carbon footprinting method to assess
the total GHG impact of tourism for a country, including direct and indirect emissions. The approach
is applicable to other destinations as well, but in this study Iceland was used as the case country
due to its unique nature as an isolated island nation and almost 100% renewable sources-based local
energy system.
The results indicate that transport is, by far, the largest source of emissions. The dominance of
aviation emissions clearly demonstrates the strong influence that the point of departure of a tourist
has on the final carbon footprint. This finding is especially concerning given the trend towards more
tourists arriving from outside of Europe. In-country transport is also notable, especially given the
short duration of travel. As noted by [19], the length of stay is an important factor in assessing the
carbon impact of tourism, with longer stays enhancing the overall carbon efficiency of travel [80].
From a climate change mitigation policy perspective, this study finds on average 70% of the GHGs
caused by an individual tourist to be due to air travel and thus the emissions currently fall outside of
any domestic mitigation policies. This also means that any local mitigation policies in Iceland (or any
other similar destination) will affect only a minor share of the total emissions. The GHG emissions
from air travel in 2013 were already larger than the total tourism-related emissions in 2010 and the
share of air travel is also the most rapidly growing sector due to the shift in the countries of origin
towards North America and Asia. This has resulted in a disproportionate rise in emissions—while the
growth rate in number of visits has increased from 2010 to 2015 from below 20% to 30%, the growth in
emissions has risen significantly from 20% to well above 30%.
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Furthermore, this study found that of the remaining 30% of total emissions, the majority relate to
fuel combustion in local transport. These emissions are likely to largely remain for a long time despite
the initial discussions about electrification of the transport sector in Iceland. As local transport is used
by the majority of tourists visiting Iceland [29], addressing this sector will be vital when developing
local emission mitigation strategies. The low emissions stemming from the accommodation, retail
and activities sectors due to Iceland’s almost carbon-free energy system also suggest that focussing on
transport will produce the largest reduction in the part of the carbon footprint within reach of local
mitigation policies. Rapid growth in tourism also boosts construction activity and potentially leads to
high emissions from the construction sector, but the issue should be studied further to understand
well enough the emissions and the mitigation potentials.
The findings of this study regarding the carbon significance of transport activities are in
line with other examples in the literature. International aviation was reported as the dominant
source of emissions by many other studies on the topic (e.g., [5,7–10,12,20]), including the
UNWTO-UNEP-WMO [59], where it was shown to account for up to 50% of total tourism emissions
globally. Aviation’s share of total emissions in the present study are also similar in magnitude to
other island nations as summarised by Gössling [13], which may be a more meaningful comparison.
Other transport modes, including road and water travel, car rental and other related activities, were
also generally found to be the second-largest source of emissions (e.g., [18,29]). Gössling [7] also
found that transport (both road, sea and air) could contribute 90% of total emissions, even when
indirect emissions were excluded, with a figure of 75% reported in the Helsingborg Statement on
Sustainable Tourism. The only exception are the results from UNWTO-UNEP-WMO [18], which show
similar relative emissions between the “other transport” and “accommodation” sectors. In Iceland,
conversely, the local low-carbon energy system automatically pushes more relative weight to ground
transport. Due to the different calculation methodologies and system boundaries adopted across
the literature [13], further comparison of the less emissions-intensive sectors (e.g., accommodation,
retail, etc.) was not attempted. Table S3 summarises some of the similarities and differences in the
results of this study and previous studies found from the literature.
The overall carbon footprints calculated were also compared to those found by Bjönsson [29],
who modelled the emissions resulting from three different trip itineraries. The results of [29] ranged
between 400 and 1300 kg CO2-eq per capita for the trips comparable to the one assessed in this study,
which emitted an average of 1.35 ton CO2-eq per capita. The similar per capita emissions found by
the two studies goes some way towards validating the findings of the current analysis. Furthermore,
the lower results obtained by [29] are to be expected due to the broader scope of the current study.
Most importantly, only the direct emissions were calculated in [29], meaning the results underestimate
the true emissions to some extent, especially in regards to transport. In addition, no long-distance
flights from Asia were included in the assessment and the emissions due to retail and consumption
were also omitted.
In the second part of this study, it was estimated that the total GHG load caused by tourism
to Iceland has boomed from 0.6 million tons CO2-eq to 1.8 million tons CO2-eq between 2010 and
2015 (Figure 2B). This is significant especially when compared to Iceland’s total emissions in 2012 of
4.6 million tons CO2-eq, a figure that largely omits air travel. Also noticeable from the results of this
study is that the overall GHG load due to tourism is not growing fast just because of the rise in visits
to Iceland, but also because of the increase in the relative share of tourists coming from farther away
(Figure 2A). It was also assumed that all flights from Europe and North America were direct. In reality,
such an assumption leads to an underestimation of the aviation-related emissions, but without proper
data on the connection flights, this weakness was accepted.
Overall, the reliability of the study and results were assessed in terms of the limitations and
uncertainties related to the model itself, study design and the input data used. The applicability of the
hybrid LCA method for consumption-based assessments has been shown to be appropriate based on
other studies in the literature (e.g., [72,73,81]). However, as no local model was available, this study
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utilised a U.S.-based model, which raises an issue regarding compatibility. The EIO LCA model was
selected for several reasons, which support its applicability. First, of the available models, the EIO
LCA provides the most disaggregated set of industry sectors, which reduces the aggregation error,
one of the main deficiencies of the IO method [52]. This meant that the integrity of the input data
could be maintained as much as possible. Second, the EIO LCA enables enhancements to be made
by using local data. In this assessment, the utilisation of local energy data in the model significantly
reduces the compatibility uncertainty, since the vast majority of GHGs are due to the energy sector.
Third, as the majority of goods consumed in Iceland is imported, a local model is unlikely to produce
significantly different results; the U.S. is already the second-largest import trade partner to Iceland.
Finally, the assessment was further improved through the calculation of the emissions from air travel
with distance data and the GHG intensity from Chester and Horvath [76], and inclusion of the
emissions from fuel combustion of rental cars based on litres of fuel purchased. These modifications
reduced the direct EIO LCA share in the assessment results from 15% in the long-flight scenario to 29%
in the medium scenario and 46% in the short scenario, meaning the use of another model would most
likely not change any of the suggested implications significantly. Notwithstanding, as the model is
based on 2002 economic information, there are still inaccuracies in the results due to changes in the
economic or environmental data over time. To reduce these uncertainties, sectoral inflation corrections
were applied to each industry sector of the model for the years 2002−2013 before applying a monetary
exchange rate conversion. While this does not fully remove the uncertainty, it does significantly
reduce it.
When using the IO LCA approach, converting monetary values into GHG emissions contains
uncertainty as well. The inherent deficiencies of IO LCA (homogeneity and linearity assumptions
e.g., [51]) means that all products from one IO model industry sector are assumed to have the same
GHG intensity per monetary unit. Furthermore, the emissions load is assumed to linearly increase
with an increase in expenditure. If the purchased products are very different from the industry average,
the model might randomly under- or overestimate the emissions. In the current study, however, the key
sectors (aviation and private vehicle use) are not subject to this uncertainty, meaning the impact should
be limited.
Regarding the input data, the expenditures were predominantly sourced from Statistics Iceland,
which suggests a high level of reliability. While the data was only sourced for a single year in this
analysis (2013) and could therefore suffer from temporal variability, the overall tourist spending in
Iceland has remained relatively stable between 2010 and 2015, thereby indicating a low risk of this error.
Furthermore, the calculated GHG impact of tourism in Iceland is an average figure, with no specific
data included on trip length, activities undertaken or accommodation preferences. With other studies
indicating the importance of certain factors such as trip length on the overall emissions intensity of
tourism (e.g., [23]), further work is required to understand the sensitivity of the emissions to these
variables. This would likely require more thorough, accurate and up-to-date data collection on the
actual behaviour of tourists [23].
Certain sources of GHG emissions were also excluded from the analysis (see Table 2), suggesting
that the results derived in this study underestimate the true emissions to some extent. For example,
transport in the tourist’s country of origin, potential accommodation before the flight and connection
flights (which increase the distances travelled) were not covered in this analysis due to a lack of data.
Furthermore, the analysis method used is unable to explicitly account for the additional infrastructure
and buildings, especially hotels, constructed as a result of tourism expansion. The IO method inherently
includes the capital costs and thus the emissions related to the fixed capital of each sector, but increasing
construction activity due to tourism expansion would only be apparent in an up-to-date model.
Therefore, although some construction-related emissions are captured in the IO model, it is reasonable
to assume that the accommodation services sector in particular may generate higher emissions than
shown in this study due to rapid construction of new accommodation facilities to meet the increasing
demand. IO models, including EIO LCA, are typically cradle-to-gate models. This means that there
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might be a downwards bias in the results they produce, as emissions that occur during the “use” or
“end-of-life” phase are excluded. In this study, as the use of rental vehicles was calculated separately,
additional emissions occurring during this phase are covered. The end-of-life phase is the most
uncertain. To some extent, the prices tourists pay include end-of-life costs and the related emissions
are determined by IO matrices which include the recycling and waste treatment sectors. However,
how well the actual end-of-life emissions are reflected in this approach cannot be easily estimated.
Typically, the end-of-life phase is the least important in terms of GHGs [37] and thus this uncertainty
should not compromise any findings or potential policy guidelines based on the results reported in
this study.
It should also be noted that the tourism sector likely generates environmental impacts in addition
to GHG emissions, all of which have been excluded from this study, as well as various social impacts.
Several studies reviewed for this paper identified land use, biodiversity loss, water consumption,
pollution and cultural issues as significant consequences of tourism in addition to energy use and
emissions [7,9]. For example, Patterson & McDonald [9] found that tourism ranked 6th out of the
25 sectors assessed in terms of land use impact, with Gössling [7] calculating that the sector contributed
to 0.5% of global loss of biologically productive land (mostly from transport-related infrastructure).
It has also been shown that tourism leads to significantly higher rates of water consumption, with some
tourists in Europe consuming up to 800 L/day compared to the average daily consumption of just
241 L/day [4]. While examination of these issues was beyond the scope of this study, such an analysis
is required to fully understand and address the impacts caused by the rapidly expanding tourism
sector in Iceland.
Finally, the assumptions behind the international air travel emissions factors do have a significant
impact on the result due to the dominance of this sector. The selected source Chester and Horvath [76]
was validated with the intensities used by Ottelin et al. [82] and Lewis [67] with the result that
Chester and Horvath estimate the emissions somewhat lower (operation 98 g CO2-eq/PKT vs.
114–149 g CO2-eq/PKT in [82] and the whole life cycle 135 g CO2-eq/PKT vs. 180.5 g CO2-eq/PKT
in [67]), thus suggesting that air travel is not over-emphasised in this study. However, PKT as a unit is
still potentially problematic. There is no information available on whether the average occupancy rates
of flights to Iceland comply with those used by Chester and Horvath [76], and large deviations could
lead to significant estimation errors. This uncertainty cannot be overcome in this study. An additional
interesting perspective on air travel is that the climate change impact would be much higher than
current GHG intensities imply since they are calculated using the same approach as for ground vehicles.
In fact, if certain short-lived GHGs and the cloud-forming impacts were accounted for, the impacts per
passenger kilometre would be significantly higher [83]. For example, Lee et al. [83] have suggested
multipliers of 1.3 to 4.8 for the impacts of aviation. If this were the case, it would further increase
the significance of the findings in this study regarding the impact of air travel. As the tourism sector
accounts for at least half of global aviation emissions and is likely to rise, determining the correct
multipliers is a critical issue to resolve [84].
6. Conclusions
This study was intended to enhance the understanding of the environmental impact caused
by tourism on both a local and global scale. The presented approach is also applicable elsewhere,
meaning the method carries added value to the research field. The results of the study should not
be interpreted as a criticism of the tourism industry, but rather as a demonstration of a method to
study the GHG impact of the sector and provide the necessary information to develop appropriate
mitigation policies. It is of high importance during the present day to study and bring into discussion
those perspectives not necessarily captured with the most widely utilised assessment schemes, such as
the Kyoto protocol-based assessments and reporting with regards to GHGs. With aviation, there is
currently little scope for direct intervention locally as there are few other means of transport to Iceland
and there is currently no international framework for attributing aviation emissions to individual
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economies. For example, Iceland has set an EU-collective 40% GHG reduction target to be achieved
by 2030 for local emissions. However, when looking at the growth pattern of GHGs from tourism to
Iceland, even if this local target could be successfully reached, it is likely to be overwhelmed by the
concurrent rise in emissions from aviation due to tourism to the country.
With domestic passenger vehicle use, the second most important emissions sector, there are
opportunities for rental agencies to reduce emissions with policies or strategies targeting, for example,
changes in fuel mix, technology (e.g., electric vehicles) or fuel efficiency standards. These are often
much wider scale policy issues, but according to Shafiei et al. [78], the overall transition towards
a low-carbon transport system in Iceland would be both environmentally and economically beneficial.
In addition, those involved in the tourism industry (for example, accommodation providers) can
improve the efficiency of operations in areas like building energy efficiency and directing a higher
share of procurement to locally produced goods instead of imports, enabling the low-carbon-energy
system to benefit from a higher share of the purchased goods. Finally, as emissions from this industry
are primarily demand-driven by the tourists themselves, personal consumption and individual choices
also offer an important opportunity for reducing emissions. A higher degree of sharing of goods during
tourist visits could provide an important channel to reduce the personal impact, as recently shown by
Ala-Mantila et al. [85]. For example, car and accommodation sharing services could reduce the need
for vehicles and new accommodation facilities, and ride sharing could reduce fuel consumption per
capita. Increased awareness of the impacts of various choices and activities should be better promoted
by the tourism industry to enable consumers to understand their effect on global emissions and make
informed choices.
Further work is recommended to refine this study specifically through the inclusion of
manufacturing of imports. Analysis of the additional construction undertaken as a response to
tourism expansion could also better inform understanding of the impact of the sector, along with
an expansion of the analysis to include additional environmental impacts.
Supplementary Materials: The following are available online at www.mdpi.com/2071-1050/8/11/1147/s1,
Table S1: Structure of tourism sector in Icelandic National Accounts, Table S2: EIO LCA categories and other data
sources, Table S3: Comparison of results with other studies.
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